A better means to accurately identify malignant thyroid nodules and to distinguish them from benign tumors is needed. We previously identified markers for detecting thyroid malignancy, with sensitivity estimated at or close to 100%. One lingering problem with these markers was that false positives occurred with Hü rthle cell adenomas (HCA) which lowered test specificity.
T he detection of a new thyroid nodule is a frequent clinical occurrence. The reported prevalence of thyroid nodules depends on the population and screening method (1) . By palpation the estimated prevalence is 3-7% of the general population. With the increased use of ultrasound, the number of thyroid nodules diagnosed is on the rise and are found in up to 67% of the population (2).
These nonpalpable nodules cannot be overlooked because they might represent a thyroid malignancy. The increasing rate by which thyroid nodules are found in the clinic has brought further attention to the current inadequate means for efficient and accurate diagnosis of thyroid nodules.
Currently, fine-needle aspiration (FNA) cytology is the most reliable, widely used, and cost-effective preoperative test for initial evaluation of thyroid nodules (1) . Although FNA leads to a better selection of patients for surgery, its accuracy is closely related to the histologic type. For follicular lesions FNA is not accurate, because the benign follicular thyroid adenoma (FTA) and the malignant follicular thyroid carcinoma (FTC) have similar cytological appearance. A definitive diagnosis of FTC currently requires demonstration of capsular or vascular invasion on final histology. In addition, FNA cannot accurately distinguish between benign and malignant Hü rthle tumors (3) . The current WHO classification describes Hü rthle neoplasm as variant of follicular neoplasm and therefore the criteria for malignancy are solely dependent upon histological demonstration of capsular and/or vascular invasion or presence of lymph node or distant metastasis. This has several clinical implications because type and the extent of the surgical procedure as well as follow-up therapy cannot be planned based on FNA diagnosis.
Using immunohistochemistry, we previously demonstrated that the combination of four antibody markers distinguished a wider variety of thyroid tumors that are commonly classified as indeterminate on FNA with an estimated sensitivity of 100% and specificity of 85% for detecting malignancy (4, 5) . Although this panel of markers was able to achieve a 100% detection of malignant samples, we encountered false positives from benign Hü rthle cell adenoma (HCA), which lowered the test specificity. After we identified C1orf24 as one of the thyroid carcinoma markers with false positive in HCAs, others also reported rare and weakly C1orf24-positive thyroid cells within benign lesions, most of which were Hü rthle cells (6) . Because HCAs stained positive with our carcinoma markers, identifying these tumors in a combined test would improve our overall test accuracy.
In the present study we determined the gene expression profile of an HCA 
Patients and Methods

Generation of SAGE libraries
HCA (n ϭ 1) and HCC (n ϭ 1) samples were analyzed using SAGE. The libraries were constructed using a longSAGE procedure (7) and were sequenced through the SAGE portion of the Cancer Genome Anatomy Project (8) . Tags were extracted from sequence text files and processed to remove duplicate ditags, linker sequences, and repetitive tags using SAGE 2002 software version 4.12 (available at http://www.sagenet.org). 
Tag to gene mapping
To provide tag to gene links, we developed Perl scripts to map all experimental tags against the nonredundant tag list downloaded from ACTG web servers and against all virtual tags (a computer prediction of tags produced by SAGE experiment) extracted from human genome (9) . These databases were selected because the nonredundant tag list contains virtual tags from all most important cDNAs available from the public domain and the virtual tags from the human genome may contain tags from transcripts not yet identified.
Selection of differentially expressed tags
We used a Monte Carlo analysis to identify differentially expressed tags between HCA and HCC libraries. Tag numbers were normalized to 200,000 tags per library. The null hypothesis was that the abundance level of transcripts was the same among the SAGE libraries. For each tag, we performed 10,000 simulations to determine the likelihood, due to chance alone (P value), of obtaining a difference in the expression equal to or greater than the observed difference, given the null hypothesis. The P value threshold used for all the analyses was 0.001. A similar method was used by Zhang et al. (10) .
Conversion of longSAGE tag into shortSAGE tag
To be able to access the level of expression of new HCA candidate markers in the previous described FTA and FTC libraries (available at http://cgap.nci.nih.gov/SAGE) we essentially converted the longSAGE tag into a shortSAGE tag by using only the first ten nucleotides adjacent to the NlaIII site. If after the conversion two different long SAGE tags link to the same short SAGE, the respective frequencies were summed.
Hierarchical clustering
SAGE is characterized by the presence of a large amount of the data. Grouping SAGE tags into expression clusters would allow visualizing basic relationships and, consequently, to detect similarities between the libraries generated from Hü rthle and follicular tumor subtypes. Therefore, the data from two longSAGE libraries converted into shortSAGE (HCA and HCC) and two libraries for shortSAGE (FTA and FTC) were used to perform a hierarchical clustering analysis with Pvclus (11), a package for the statistical software R. The clustering method was based on the pair-wise gene expression distance between the four shortSAGE libraries and the distance was defined as the average linkage. All genes presenting reliable (not ambiguous) tags have been used to hierarchical clustering analysis.
Tissue samples for validation of HCA candidate markers
For the validation by quantitative PCR analysis, specimens were obtained from patients, with their informed consent, undergoing thyroid surgery at Hospital São Paulo, Universidade Federal de São Paulo, and Hospital das Clínicas, Universidade de São Paulo. Tissue specimens were frozen immediately after surgical biopsy and stored at Ϫ80 C until use. Final histological classifications were obtained from paraffin-embedded sections and comprised 32 benign lesions, 34 malignant tumors, and 10 normal thyroid tissues. The benign lesions included 13 HCA and 19 FTA. The malignant lesions comprised 10 HCC, 14 FTC, and 10 follicular variant of papillary thyroid carcinomas (FVPTC). The study of patient materials was conducted according to principles detailed on the running Declaration of Helsinki at the time when tissues were obtained.
RNA isolation, cDNA synthesis, and quantitative PCR (qPCR)
Total RNA was isolated using Trizol reagents (Invitrogen Corp., Carlsbad, CA) according to the manufacturer's recommendations. Total RNA (1 g) was treated with Dnase (Ambion, Austin, TX) and was reverse-transcribed to cDNA using SuperScript II Reverse Transcriptase kit with oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer and 10 U of RNase inhibitor (Invitrogen Corp). An aliquot of cDNA (2 L) was used in 20-l PCR reactions containing TaqMan universal PCR master mix, 10 M of each specific primer and FAM-labeled probes for the target genes or VIC-labeled probe for reference gene (RS8) (TaqManGene Assays on Demand; Applied Biosystems, Foster City, CA). qPCR reactions were performed in triplicate, the threshold cycle (Ct) was obtained using Applied Biosystem software and were averaged (SD Յ 1). Relative expression (RE) level was calculated formula as previously described (12, 13) .
Immunohistochemical (IHC) analysis
To validate the results obtained from qPCR analysis and to define the final panel of markers, an independent set of 82 thyroid paraffin-embedded sections was tested. The samples were selected from the archives of the Department of Pathology, Universidade Federal São Paulo and Hospital das Clínicas, Universidade de São Paulo. The slides were incubated with primary antibodies followed by incubation with the labeled polymer Dako EnVision System (Dako laboratories, Carpinteria, CA). Monoclonal anti-Parvalbumin (Sigma-Aldrich, Munich, Germany) was used at a dilution of 1:1000. Anti-KLK1 antibody (Proteintech Group, Inc. Chicago, IL) was used at a dilution of 1:100. Control sections were processed in parallel with rabbit or mouse IgG used at the same concentration as the first antibody. Cells were positive (ϩ) when more than 10% of cells were immunoreactive. All slides were scored in a blinded fashion and evaluated independently by three investigators.
Statistical analysis methods
For the qPCR data, we determined whether the expression values for 18 transcripts differed between HCA (n ϭ 13) and malignant (n ϭ 34) thyroid samples. Because neither qPCR values nor their log transformation were normally distributed according to KolmogorovSmirnov test, we used nonparametric Mann-Whitney-Wilcoxon test for comparison between groups. All results with P values of Ͻ0.05 were reported. Sensibility and specificity were calculated using a cut-off for the relative gene expression using receiver operating characteristic (ROC). For IHC analysis, we first used classification trees to identify potential markers for FTA, HCA, and malignant tumors, respectively. The combinations of some biomarkers subset were predefined while others were not. Because classification tree generally suffers from large variation, we used logistic regression to look for biomarker combinations that give larger area under the ROC. We partitioned the high dimensional sampling space of these markers and identify the subspaces with 100% sensitivity of malignant tumor diagnosis or high sensitivity and specificity for FTA tumor and HCA tumor diagnosis. Results from regression models and classification trees are then combined to obtain the final robust diagnosis tests. 
Results
Comparative analysis from SAGE libraries
Hierarchical clustering
Data were also analyzed using a clustering algorithm to delineate patterns of gene expression among all four libraries (HCA, HCC, FTA, and FTC SAGE libraries). A visual representation of hierarchical clustering of thyroid libraries was based on their pair-wise distance (d ϭ 1 Ϫ r), using the hierarchical clustering algorithm from R environment (in Table 2 ). particular with the function pvclust). Values at branches are approximately unbiased P values (red) and bootstrap probability P value (green) (Fig. 1A ). All genes that had reliable (not ambiguous) tags have been used to construct the dendrogram. Ambiguous tags were excluded as they may represent a sum of the expression of two or more genes. Genes from thyroid libraries contain less than 2% of these ambiguous tags. The pattern of expression is distinct among the follicular tumors and Hü rthle tumors as they appear in a separate branch in the dendrogram. The SAGE data were also analyzed by a clustering algorithm to delineate patterns in the expression of all tags among all four libraries (Fig. 1B) . Each row represents a tag, whereas each column corresponds to a SAGE library sample. The absolute abundance of the SAGE tag in the library (SAGE tag number) correlates with the intensity of the color (green, not present; intense red, highly abundant). Expression patterns across different libraries suggest a distinct gene expression profiling.
Selection of candidate markers for HCA
To identify potential HCA markers of 1,146 overexpressed in HCA, those with the greatest fold-induction in HCA and not expressed in HCC were assessed in FTA and FTC shortSAGE libraries.
As predicted from the literature and from our SAGE analysis, very few tags were expressed in both FTA and HCA and absent in malignant tumors (Fig. 1) . Therefore, we focus on those transcripts highly expressed in HCA and not expressed in HCC and FTC libraries, because they had better potential to improve our test accuracy. Eighteen transcripts ( Table 1 published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org). All transcripts with P Ͻ 0.05 were used in the second step. In second step, an ROC curve, graphical representation of the trade off between the false negative and false positive rates for every possible cut off, was generated. Cut-off levels with the optimum diagnostic efficiency derived from the ROC curves are described in Table 2 . Among the genes, the observed specificity was 0.92 (1 of 13 false negative) for 15 genes. Therefore, the best predictive markers were those with highest sensitivities. KLK1 (sensitivity ϭ 0.97; area under ROC curve ϭ 0.971) and PVALB (sensitivity ϭ 0.94 and area under ROC curve ϭ 0.894) were considered as the best candidate markers and were tested by IHC analysis (Supplemental Fig. 1 ). The mean for ALDH1L1, KLK1, PVALB, and NUDT22, which had higher sensitivity Table 2 .
(0.79-0.97), are shown in Fig. 2. ATF5, KLK4 , SH3BGRL, and TSPAN3 had lower sensitivity (0.68-0.74) (Fig. 3) .
PVALB had best predicted sensitivity and specificity in paraffin-embedded thyroid tumors
On the basis of the results of ROC curve, we tested the best predictor's diagnostic markers (PVALB and KLKL1) by IHC analysis in a panel of paraffin-embedded thyroid sections selected from patients completely different from set 1.
Our original set of samples included 82 samples (27 HCA, 16 FTA, 14 HCC, 15 FTC, and 10 FVPTC). The pathological diagnosis was performed blinded. When the code was broken we found that 75 samples were in agreement with the pathological diagnosis when PVALB was used. Five samples that were originally classified as HCA by standard histological criteria were classified as malignant by our markers (i.e. PVALB was negative). Two samples that were diagnosed as HCC by standard histology were positive for PVALB. The performance of KLK1 was inferior given that 60 samples were diagnosed in accordance with pathological diagnosis. Six samples originally classified as HCA were negative for KLK1 while 16 malignant tumors stained positive.
All samples that were misclassified by our model were rereviewed by the two pathologists. Additional blocks were selected, and a deeper analysis was performed. Invasion through the tumor capsule and/or vascular invasion was found in four HCA, and therefore the four tumors were reclassified as HCC. The diagnosis was changed based on histological criteria. Interestingly, the four samples that were reclassified as HCC were negative for both PVALB and KLK1.
Our set of samples, therefore, included 23 HCA, 16 FTA, 18 HCC, 15 FTC, and 10 FVPTC. Overall, 22 of 23 HCA scored positive while 41 of 43 malignant tumors were negative (2 HCC) for PVALB (Fig. 4) . KLK1 was positive in 21 of 23 HCA and negative in 27 of 43 malignant tumors (Fig. 5) . PVALB and KLK1 were not expressed in matched normal thyroid tissues and FTAs. This analysis demonstrated not only that PVALB has a high accuracy and therefore can be used as preoperative diagnosis marker but also that it could be used to help postoperative diagnosis.
The combination of markers that best achieves high sensitivity and specificity is PVALB and C1orf24
To develop a more accurate and realistic antibodybased test, the previous identified carcinoma markers were also tested in combination in the aforementioned set of 82 samples. The carcinoma markers (ARG2, ITM1, and C1orf24) were positive in all malignant tumors while DDIT3 was negative in a FTC. Because all FTA subjects have negative C1orf24 and all carcinomas were C1orf24-positive, the use of a C1orf24 negative marker in the prediction of FTA gives 100% sensitivity and 100% specificity. ITM1 was the second best prediction marker of FTA, because it was positive in two FTAs with solid/trabecular pattern (Supplemental Table 2 ). Overall, this new validation analysis not only confirmed our previous findings but also demonstrated that C1orf24 is the best predictor of carcinoma. As expected from our initial analysis, all carcinoma markers presented false-positive results in all HCAs, substantiating the need to find HCA markers.
Our final panel detects malignancy when PVALB is negative and C1orf24 is positive. It detects HCA when PVALB is positive and C1orf24 is positive. It detects FTA when both markers are negative. Overall, this test gives 95.35% sensitivity, 97.44% specificity, 97.6 PPV, and 95% NPV, based on the 82 samples.
Discussion
The major aim of this study was to identify new HCA biomarkers. This is important for two reasons. First, it helps improve a developing diagnostic test (4, 5) and allows us to more accurately identify HCA as a benign lesion. A more accurate test would make it easier to determine which patients should get total thyroidectomy, partial thyroidectomy, or followed without surgery for a benign tumor. Second, it helps to understand the biology of Hurtle Cell tumors which are seldom studied.
Although Hü rthle tumors are rare, their prevalence is higher than the percentage of non-Hü rthle cell follicular tumors displaying signs of malignancy (14) . Moreover, the existence of many lesions of thyroid composed of Hü rthle cells raises the problem of the differential diagnosis on FNA (15, 16) , thereby arguing for the necessity of finding new HCA diagnostic markers.
Because just morphological features alone are not sufficient for improvements in the accuracy of FNA, molecular biomarkers are the logical choice to help distinguish tumors subtypes and improve presurgical diagnosis.
In this study we performed a gene expression screen using SAGE, which revealed more than 100 transcripts that were highly expressed in HCA compared with HCC. The abundance of these transcripts was assessed in the previously described FTA and FTC libraries (4) . A total of 18 potential biomarkers were validated in a set of thyroid tumors by qPCR. Using this strategy we report sensitivity, specificity, and area under ROC curve for the classification of HCA and malignant thyroid tumors. Based on this analysis, the two best predicted HCA markers and our four previous identified carcinoma markers (4, 5) were than validated by IHC analysis in an independent set of 82 paraffin-embedded thyroid tumors. Importantly, by testing the carcinoma markers in this additional set of samples would not only allow evaluate the performance of these markers in Hü rthle tumors but also define the best combination of markers for detecting carcinoma.
The data presented here allowed us to complete a panel of markers to classify all thyroid tumors commonly diagnosed as indeterminate on FNA with high sensitivity, specificity, and reproducibility. This assay is based on combination of a HCA marker and carcinoma marker, PVALB, and C1orf24, respectively (Fig 6) . Using this combination, we report an overall 95% sensitivity, 97% specificity, 97% positive predicted value, and 95% negative predicted value, based on the 82 samples.
Importantly, the sensitivity and specificity of our test is 100% when we considered the most common thyroid tumor subtypes that can be source of diagnostic error on FNA such as FTC, PTC, and FVPTC (4, 5 and present study). According to our analysis, all possible malignancies would undergo surgery. Our test may also eliminate unnecessary surgery for FTA and hyperplasia, because the sensitivity and specificity approaches 100% when FTA and hyperplasia without Hü rthle components are evaluated (5). The only two samples regarded as cancers but called benign by our testing were two minimally invasive HCC. If this minimally invasive HCC are less aggressive tumors, only the follow-up will determine. Of note, 21 HCC were correctly classified by our test.
To our knowledge, no other test so far has achieved such a high sensitivity and specificity when included this wide range of thyroid tumors. Most other studies that achieved similar accuracy for thyroid tumor classification excluded HCA, because HCA was a source of false-positive results (16, 17) .
From the clinical standpoint, these markers can also be used further on sections of the removed tumors to detect cancers that are missed in some cases by the present histology-only based diagnosis. In our investigation, four thyroid tumors that were previously classified as HCA on final histology and that were positive for carcinomas markers and negative for PVALB when reevaluated by two pathologist demonstrated invasion thorough the tumor capsule and/or vascular invasion. Based on the standard histological criteria, the pathologist reclassified these cases as HCC. Therefore, these markers have the potential to improve diagnostic accuracy over present standard of care.
Our results also provide an opportunity to better understand the biology of Hü rthle tumors. The results of clustering analysis suggests that there is a different genetic signature when comparing Hü rthle to follicular tumors, as previously described in the literature (18 -23) . Although PVALB was chosen as best predictor markers and we focus on markers of clinical utility, all transcripts validated here were differentially expressed between HCA and malignant thyroid tumors. Although our findings open an entire new field and new questions need to be answered, they may help understand clinical and biological behavior of this little investigated tumor class. The list of genes reported here, unlike other follicular derived carcinomas, Hü rthle carcinomas are more refractory to treatment with radioactive iodine, have a greater incidence of nodal metastasis at presentation, higher recurrence rate, and the overall survival is reduced (3, 24) .
The mechanism by which PVALB expression, a new HCA marker reported here, is lost in thyroid carcinomas is unclear, although PVALB is located at a frequently lost genomic locus. Chromosome 22 was the most common loss identified in HCC and for widely invasive thyroid carcinoma. Additionally, chromosome 22 losses were identified in HCC from patients who died of disease, and it may be of prognostic value in both FTC and HCC (25) . The function of PVALB is not definitively known, but it appears to be a calcium ion binding protein that is expressed in several tissues such is brain and kidney. Interestingly, PVALB was described as down-regulated in clear cell and papillary renal carcinomas while it was expressed in chomophobe type, suggesting its potential to classify subtypes of renal carcinomas (26) .
In summary, we identified new HCA markers that, in combination with our previous carcinomas markers, can distinguish a wide range of thyroid lesions with high sensitivity and specificity. Additionally, this immunopanel can be easily performed on FNA material, which is an inexpensive nonsurgical diagnostic tool already in clinical use for the initial evaluation of a thyroid nodule. This approach to thyroid nodules could have an important clinical impact on the management of a thyroid nodule and/or for the postoperative evaluation of thyroid biopsy tissue sections.
